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Abstract 

Atmospheric pressure chemical ionisation mass spectrometry (APCI-MS) offers advantages as a rapid analytical 
technique for the quantification of three biomass degradation products (acetic acid, formic acid and furfural) within 
pretreated wheat straw hydrolysates and the analysis of ethanol during fermentation. The data we obtained using 
APCI-MS correlated significantly with high-performance liquid chromatography analysis whilst offering the analyst 
minimal sample preparation and faster sample throughput. 



Background 

Conversion of lignocellulosic biomass into bioethanol 
currently involves four main processes: physicochemical 
pretreatment, enzymatic saccharification, fermentation 
and distillation and/or purification of ethanol. Pretreat- 
ment of lignocellulosic biomass is necessary to disrupt 
the inherently recalcitrant plant cell wall structure to 
facilitate enzyme access and thus hydrolysis of constitu- 
ent polysaccharides to sugars in preparation for 
fermentation. 

Current pretreatment processes employ high tempera- 
tures and/or extreme pH levels to disrupt and facilitate 
the separation of hemicellulose and lignin components 
of the cell wall [1]. However, owing to the nonspecificity 
of physicochemical pretreatments, a range of degrada- 
tion products are formed, some of which are known to 
inhibit enzymatic saccharification and fermentation [2]. 
Such degradation products include weak organic acids, 
furans and phenolic compounds, all of which are known 
to independently and synergistically disrupt yeast meta- 
bolism, impairing fermentation and consequently limit- 
ing bioethanol yield if their concentrations are too high 
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[2,3]. High levels of weak organic acids lead to acidifica- 
tion of the yeast cytosol. This cytosolic acidification 
depletes the intracellular ATP pool through a diversion 
of ATP to plasma membrane ATPases, which pump out 
H + ions to regulate the intracellular pH [2]. Furans are 
believed to inhibit key fermentative enzymes such as 
alcohol dehydrogenase, pyruvate dehydrogenase and 
aldehyde dehydrogenase [2]. Acetic acid in biomass 
hydrolysates is derived primarily from deacetylation of 
the hemicellulose xylan side chains. Formic acid mean- 
while arises from the degradation of furfural or 5-hydro- 
xymethylfurfural (HMF), both of which are derived from 
the dehydration of xylose or glucose, respectively [2,3]. 
Acetic acid and formic acid are reported to inhibit Sac- 
charomyces cerevisiae at concentrations of 1.6 and 1.4 g/ 
L, respectively [2]. 

Autohydrolytic pretreatment processes using water at 
temperatures up to 200°C have been shown to create 
acetic acid and formic acid [4]. Generation of these 
degradation products within the hydrolysate is unavoid- 
able and necessary for the catalytic mechanism by which 
hemicellulose is hydrolysed from the cell wall, a process 
which is known to enhance enzymatic saccharification 
of the pretreated biomass [5,6]. 
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Quantifying and screening pretreatment hydrolysates 
for degradation products and the analysis of ethanol in 
fermentation media are essential to assessing the efficacy 
of lignocellulosic biomass conversion into bioethanol. 
Analytical protocols for these analytes are typically 
based on gas chromatography (GC) or high-performance 
liquid chromatography (HPLC), both of which may 
involve long sample run times and often require exten- 
sive sample preparation prior to analysis. To overcome 
these limitations and address the requirement for high- 
throughput screening techniques [7], rapid analytical 
techniques such as full equilibrium headspace GC have 
been developed to identify furfural and ethanol within 
complex sample matrices [8,9]. As an alternative to 
these methods, we evaluated the suitability of atmo- 
spheric pressure chemical ionisation mass spectrometry 
(APCI-MS) as a rapid analytical tool for the analysis of 
key pretreatment degradation products (acetic acid, for- 
mic acid and furfural) and for the analysis of ethanol in 
samples taken from bioethanol fermentation. The ratio- 
nale for using this technique extends from the research 
of Ashraf et al. [10], who used APCI-MS for the rapid 
analysis of aroma compounds in the headspace above 
alcoholic beverages. Their work showed that selected 
ion monitoring could offer selectivity in the analysis of 
aroma compounds, despite the lack of a chromato- 
graphic separation, and could be used to monitor their 
gas phase concentrations quantitatively. 

In this study, we investigated the effects of sample 
headspace equilibration time, the impact of sample pH 
on headspace equilibration and the applied APCI-MS 
cone voltage were also explored and optimised. Cone 
voltage refers to the low voltage bias applied to the sam- 
pling cone in the APCI-MS source during analysis. 
Varying this parameter changes the fragmentation 
energy imparted to ions. 

Methods 

Chemicals 

All chemicals used were of analytical grade (> 95% pur- 
ity; Fisher Scientific, Loughborough, UK). Standard solu- 
tions of acetic acid, formic acid, furfural and ethanol 
were prepared by dispersing analytical grade reagents in 
deionised water to a final volume of 100 mL. Serial dilu- 
tions were then performed in deionised water to yield 
an appropriate range of calibration standards for 
analysis. 

Sample preparation 

Wheat straw (cv. Zebedee) was harvested from the Sut- 
ton Bonnington University farm (University of Notting- 
ham, Nottingham, UK) and milled using a knife mill 
fitted with a 3-mm screen (Fritsch, Idar-Oberstein, 
Germany). 



Autohydrolytic pretreatment of wheat straw 

Milled wheat straw (5 g) was transferred into a custom 
made stainless steel (316 grade) reactor vessel with end 
caps fitted with ferrules (Swagelok, Manchester, UK) 
and filled with 40 mL of deionised water to provide a 
1:8 solid-to-liquid ratio. 

To study the effects of pretreatment on wheat straw 
and to generate a range of inhibitor concentrations, a 
D-optimal designed experiment was created using 
Design-Expert version 7 software (Stat-Ease inc, Min- 
neapolis, MN, USA). Pretreatment incubation tempera- 
tures (160°C, 180°C and 200°C) and residence times (10, 
35 and 60 minutes) were varied to produce 18 experi- 
mental design points with duplicates at the extremities 
and centre of the design space. The reaction vessel was 
placed inside a Fisons GC 8000 Gas Chromatography 
oven (Fisons Instruments, Manchester, UK) set to the 
experimental pretreatment temperature and heated iso- 
thermally for the desired residence time. Following this 
step, the reaction vessel was placed into cold water to 
end the pretreatment process. 
Bioethanol fermentation conditions 

A small-scale (1.5 L) bioethanol fermentation was con- 
ducted using a synthetic medium comprising yeast, 
water, sugar (150 g/L glucose and 30 g/L xylose), yeast 
extract (10 g/L) and peptone (20 g/L). The fermentation 
was performed at 25°C, and samples (10 mL) were 
removed for analysis at time intervals of 0, 4, 8, 12, 23, 
and 27 hours to create samples with a range of ethanol 
concentrations for headspace analysis. 

High-performance liquid chromatography 

Prior to HPLC analysis, all samples and standards were 
filtered using Whatman GD/X syringe filters (GF/C 25 
mm filter diameter/1.2 \im pore size; Whatman Interna- 
tional Ltd., Banbury, UK) and left undiluted. Furfural 
was analysed using a Waters 2695 HPLC system fitted 
with (1) a Waters 996 Photodiode Array Detector set 
(Waters Corp., Milford, MA, USA) to scan wavelengths 
between 230 and 280 nm and (2) a Techsphere ODS 
C18 column (5 urn, 4.6 mm x 250 mm; HPLC Technol- 
ogy, Macclesfield, UK). Separations were performed at 
ambient temperature. The mobile phase was a binary 
mixture of 1% acetic acid (solvent A) and methanol (sol- 
vent B) with an overall flow rate of 1.0 mL/minute. The 
system was operated in gradient mode, ramping from 
20% to 50% methanol over 30 minutes with a 100% 
methanol column cleaning phase and a 9-minute reequi- 
libration period. The sample injection volume was 10 
(iL. Analysis was completed within 45 minutes, and data 
were recorded using Waters Millennium Chromatogra- 
phy software (Waters Corp., Milford, MA, USA). 

Acetic acid, formic acid and ethanol were analysed 
using an HPLC system composed of a JASCO AS-2055 
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Intelligent Autosampler (JASCO, Essex, UK), and a 
JASCO PU-1580 Intelligent HPLC Pump. Acetic acid 
and formic acid were separated on a Rezex ROA 
Organic Acid H + organic acid column (5 um, 7.8 mm x 
300 mm; Phenomenex, Macclesfield, UK) operated at 
ambient temperature with a 0.005 N H 2 S0 4 mobile 
phase flowing at 0.5 mL/minute and detected using an 
LDC/Milton Roy Spectro Monitor 3000 variable wave- 
length UV detector (VG Laboratory Systems, Cheshire, 
UK) set to 210 nm. Sample analysis was completed in 
27 minutes. 

Ethanol was separated on a Rezex RPM Pb + mono- 
saccharide column (5 um, 7.8 mm x 300 mm; Phenom- 
enex) heated to 75°C using a Hewlett Packard 5890 
Series II GC oven (Hewlett Packard, Palo Alto, CA, 
USA) with a deionised water mobile phase (0.6 mL/min- 
ute). For detection, a JASCO RI-2031 Intelligent Refrac- 
tive Index detector was used. Analysis was completed in 
25 minutes. All JASCO-based HPLC data were acquired 
using the Azur version 4.6.0.0 software package 
(DATALYS, Saint-Martin-d'Heres, France). 

Atmospheric pressure chemical ionisation mass 
spectrometry 

We anticipated that, when using the APCI-MS instru- 
ment, some inhibitor and fermentation samples were 
likely to contain high levels of analytes, which could 
cause competition for ionisation within the APCI source 
(potentially leading to signal suppression). To minimise 
the chances of this happening, samples were diluted 
prior to analysis, thereby reducing the analyte headspace 
concentrations. The inhibitor compound samples were 
diluted 10-fold, whereas those containing ethanol were 
diluted 250-fold. For the analysis of ethanol, the head- 
space sampling flow rate was also reduced. This 
reflected the anticipated differences in analyte concen- 
trations, with inhibitor concentrations in the range of 
0.125 to 2 g/L and ethanol concentrations in the range 
of 6.25 to 100 g/L. 

Prior to APCI-MS analysis, aliquots (20 uL) of the 
ethanol calibration standards (6.25 to 100 g/L) and the 
fermentation samples were diluted in water (5 mL) in 
28-mL flasks and sealed with 4-mm removable plugs in 
the caps. Similarly, 500 uL of the standard solution of 
inhibitor compounds (furfural, acetic acid and formic 
acid at 0.125 to 2 g/L) or 500 uL of pretreatment hydro- 
lysate samples were diluted in 4.5 mL of 20 millimolar 
potassium phosphate buffer. Buffer pH was adjusted to 
a range of values between pH 1.1 and pH 3.5 by the 
dropwise addition of 50% vol/vol phosphoric acid. 

The mass spectrometer used for headspace analysis 
was a modified Fisons VG Platform II single quadrupole 
instrument (Fisons Instruments) fitted with a custom- 
built APCI direct sampling interface [11]. Initially, full- 



scan analysis was performed over the mass to charge 
ratio {m/z) 20:250, with the analyser operating at a 
range of cone voltages scanned sequentially (12, 15, 18, 
21, 24, 30 and 40 V). Thereafter data were collected in 
selected ion mode (dwell time 0.5 seconds) at the opti- 
mum cone voltage determined from the full-scan spec- 
tra. The compounds were analysed at the following cone 
voltages and m/z ratios: acetic acid, +24 V, m/z 61; for- 
mic acid, -20 V, m/z 45; furfural, +24 V, m/z 97; and 
ethanol, +15 V, m/z 47. The corona discharge was set to 
+4 kV in positive ion mode and -4 kV in negative ion 
mode. Equilibrated headspaces were sampled for 20 sec- 
onds with a sampling flow rate of 15 mL/minute for 
each compound, except ethanol, which was analysed 
using a sampling flow rate of 3.5 mL/minute. 

Data analysis 

Microsoft Excel software (Microsoft Corp., Redmond, 
WA, USA) was used to fit linear regressions to the cali- 
bration and validation data. The Data Analysis ToolPak 
add-in (Microsoft Corp., Redmond, WA, USA) was used 
to perform two-way analysis of variance (ANOVA) sta- 
tistical testing. 

Results and discussion 

APCI-MS is a sensitive and rapid technique for the 
detection of compounds in the gas phase. It is capable 
of detecting compounds in the gas phase in the low 
parts per billion to low parts per million concentration 
range (around 0.02 to 20 mg/m 3 ) [12], whilst the 
response rate of the instrument makes it suitable for 
rapid headspace profiling of samples, requiring only 20 
seconds for the analysis of each sample. As such, the 
APCI-MS technique can analyse up to 120 samples/ 
hour (based on a 20-second headspace sampling proce- 
dure followed by a 10-second interval between analyses 
whilst the selected ion response returns to baseline). 
Additionally, the APCI-MS technique does not require 
expensive consumables for sample preparation, such as 
syringe filters and chromatography vials, instead requir- 
ing only dilution of an aliquot of the test solution in a 
reusable 28-mL flask. This lower per-sample cost, how- 
ever, has to be offset against the higher initial capital 
cost of the instrument in comparison to a typical HPLC 
system. 

Establishment of optimal APCI-MS operating conditions 

APCI-MS headspace analysis of acetic acid, formic acid, 
furfural and ethanol standards was performed to deter- 
mine the optimal operating parameters for detection of 
each analyte. Acetic acid, furfural and ethanol were all 
analysed in positive ion mode as the protonated molecu- 
lar ion (M + 1); m/z 61, 97 and 47, respectively. Formic 
acid was analysed in negative ion mode as the 



Davies et al. Biotechnology for Biofuels 201 1, 4:28 
http://www.biotechnologyforbiofuels.eom/content/4/1/28 



Page 4 of 8 



deprotonated molecular ion (M - 1) at m/z 45. After 
selecting the appropriate ion detection mode for each 
compound, the cone voltage settings were adjusted to 
maximise signal detection. The cone voltage setting is 
the main parameter affecting ion transmission and frag- 
mentation, with higher cone voltages typically resulting 
in greater fragmentation. Full-scan spectra were 
recorded at cone voltages of 12, 15, 18, 21, 24, 30 and 
40 V in both positive and negative ion mode, and the 
optimum cone voltage was selected based upon maxi- 
mising the ion response. Cone voltages selected for ana- 
lysis were +15 V for ethanol, -20 V for formic acid and 
+24 V for both acetic acid and furfural. In subsequent 
experiments, the main ions of interest (as noted above) 
were monitored in selected ion mode at their optimum 
cone voltages. 

Effect of pH on equilibrium headspace partitioning of 
analytes 

The pH of the aqueous phase could potentially influence 
the partitioning of weak acids into the headspace, 
depending on the extent of dissociation of the acid. 
Therefore, to assess the influence of pH on volatile par- 
titioning and its subsequent impact on the quantitative 
behaviour of the APCI-MS technique, headspace signal 
intensities of acetic acid, formic acid and furfural were 
each measured (after a one-hour equilibration period) in 
phosphate buffer in the range pH 1.1 to pH 3.5. The 
resultant data (Figure 1) in conjunction with ANOVA 
(P = 0.345) showed that pH had a negligible effect on 
the volatile partitioning of the investigated analytes 
across the pH range investigated. Consequently, the two 



weak acids, acetic acid and formic acid, must have 
remained largely associated over the pH range investi- 
gated. The pH values of all of the solutions were below 
the acid dissociation constant of acetic acid and formic 
acid (4.76 and 3.77, respectively), which is consistent 
with the partitioning behaviour observed. When strong 
acid or alkali is used for pretreatment, it is recom- 
mended that the pH of the hydrolysate sample be 
checked to ensure that it is suitable for analysis using 
the headspace technique. pH in the range from 1.1 to 
3.5 had no major effect on the headspace signal intensi- 
ties of the investigated analytes; therefore, a pH 2.5 
potassium phosphate buffer was used for all subsequent 
experiments. 

Impact of headspace equilibration time 

Previous analyses were performed with solutions that 
were allowed to equilibrate for one hour prior to analy- 
sis. In this experiment, the time required for each ana- 
lyte to reach headspace equilibrium was assessed by 
measuring the headspace signal intensity above samples 
over a 30-minute period. The aim was to identify the 
shortest equilibration time required to provide stable 
signal detection. We desired to minimise equilibration 
time to achieve high sample throughput and reduce 
unnecessary delays in sample assessment. Figure 2 indi- 
cates that initially the signal intensities for the three 
inhibitors, acetic acid, formic acid and furfural, were 
approximately 50% of the respective signal intensities 
that were eventually reached after 30 minutes. However, 
after 20 minutes, the headspace signals started to 
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Figure 1 Normalised average headspace signal intensities for 
formic acid, acetic acid and furfural as a function of pH (in 
phosphate buffer). Data are normalised to the maximum signal 
intensity observed for each compound. Each value is the mean of 
three replicate measurements, and from this the percentage 
coefficient of variance (%CV = (standard deviation + mean) x 100) 
for each compound was calculated as formic acid (17.8%), acetic 
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Figure 2 Average headspace equilibration profiles of furfural, 
acetic acid, formic acid and ethanol. The headspace signal 
intensity was normalised to the signal at 30 minutes. Each data 
point is the average of two replicate analyses. %CV values were 
ethanol (15.4%), formic acid (16.3%), acetic acid (17.5%) and furfural 
(4.7%). 
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plateau as samples reached equilibration. The signal 
intensity for ethanol decreased over time, again reaching 
steady-state values at 20 to 30 minutes. A possible 
explanation for this difference in behaviour could be the 
surface active nature of ethanol. This hypothesis is 
based on the recognition that ethanol preferentially 
adsorbs at the air-liquid interface to form a monolayer, 
which can subsequently lower the liquid surface tension 
and increase the evaporation rate of ethanol into the 
headspace [13]. Leaving samples at room temperature 
for 20 to 30 minutes prior to analysis was found to be 
sufficient for equilibration between the sample and its 
headspace. Although, this 20-minute equilibration per- 
iod may appear slow compared to rapid headspace GC 
techniques, it should be noted that no input from the 
analyst is required during the equilibration period, 
which can thus be routinely integrated with the analysis 
of large numbers of samples. Hence whilst the analyst 
continues to weigh out and dilute further samples, 
others are reaching equilibration and are then ready to 
be analysed. This technique is therefore considered 
rapid when both the minimal sample preparation steps 
and the APCI-MS headspace sampling time (30 sec- 
onds/sample) are taken into consideration. 

Linearity of calibration 

To assess the linearity of response for each analyte, cali- 
bration series were prepared containing relevant ranges 
of analyte concentrations. These were selected to 
encompass the concentrations typically generated by our 
pretreatment and fermentation processes. Calibration 
was performed to understand the upper and lower limits 
of detection of the system and to determine the linearity 
of response of APCTMS across a range of concentra- 
tions. All analytes were diluted in a potassium phos- 
phate buffer (pH 2.5), except for ethanol, which was 
diluted in water. 

Calibration data for each analyte showed a linear sig- 
nal response to increasing analyte concentration over 
the range investigated (R 2 > 0.9) (Figure 3). All analytes 
except for acetic acid exhibited good repeatability of 
analysis, as was evident from the low associated stan- 
dard errors (Figure 3). Acetic acid, however, showed 
considerable signal intensity variations at sample con- 
centrations greater than 0.5 g/L, although the calibration 
series still yielded a linear regression with a correlation 
coefficient of 0.93. 

Signal-to-noise ratios were determined for each com- 
pound at the lowest calibrant concentration (ethanol, 
6.25 g/L; acetic acid, formic acid and furfural, 0.125 g/L) 
by comparing the signal peak height to the background 
noise. All signal-to-noise ratio data were greater than 
3:1 (the low detection limit): acetic acid (7:1), formic 
acid (15:1), furfural (360:1) and ethanol (84:1). For the 



three inhibitors (acetic acid, formic acid and furfural), 
limits of detection were approximately 10-fold lower 
than the concentrations reported to influence bioethanol 
fermentation and those typical of pretreatment hydroly- 
sates [2]. 

Ethanol could be readily detected in solutions derived 
from dilution of a 6.25 g/L standard. However, there is 
little interest in such low concentrations of ethanol for 
bioethanol production, and in this case the upper detec- 
tion limit is of greater interest. Figure 3 shows that, fol- 
lowing dilution, ethanol could be accurately analysed by 
APCI-MS in original sample concentrations up to 100 
g/L, which is a higher concentration than that which 
applies to other rapid ethanol quantification techniques, 
such as full-equilibrium headspace GC (reported upper 
detection limit 12 g/L [8]). Using APCI-MS to detect 
ethanol at concentrations up to 100 g/L includes a 
range of concentrations which are more relevant to real- 
life bioethanol fermentation, where it is anticipated that 
high ethanol concentrations (a minimum of 100 g/L) are 
required for economic viability. Similarly, furfural con- 
centrations up to 2 g/L could be analysed linearly using 
the APCI-MS headspace technique. This range is better 
suited to the analysis of pretreatment hydrolysate sam- 
ples previously shown to contain up to 0.5 g/L furfural 
in comparison to the 0.125 g/L detection limits reported 
using full-equilibrium headspace GC [9]. 

All calibrants were detected and showed a satisfactory 
linearity of response across the range of concentrations 
tested (R > 0.9). Acetic acid, formic acid and furfural 
gave a linear response up to 2 g/L, whilst for ethanol 
the linear range extended up to 100 g/L. APCI-MS was 
therefore capable of detecting each analyte over a range 
of concentrations that were representative of pretreat- 
ment hydrolysate and bioethanol fermentation. 

Validation 

Validation of the rapid APCI-MS headspace technique 
was achieved by comparing pretreated wheat straw 
hydrolysate and bioethanol fermentation data with con- 
ventional HPLC data obtained from the same samples. 
The strong correlations of the results derived by using 
these two analytical techniques (Figure 4) confirm the 
validity of monitoring the selected ions using the opti- 
mised APCI-MS conditions and that these correlations 
are representative of the analytes investigated without 
interference from other compounds. Since the APCI-MS 
technique does not involve any chromatographic separa- 
tion of analytes, it was necessary to establish in this way 
that the selected ions monitored were truly representa- 
tive of the relevant compounds. To analyse different 
biomass systems, it would be necessary to check the 
analytical validity of the application once again using a 
methodology similar to the one outlined in this paper. 
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Figure 3 Calibration curves for standard solutions of ethanol (white circle), furfural (black circle), acetic acid (white square) and formic 
acid (black square) analysed by using the atmospheric pressure chemical ionisation mass spectrometry (APCI-MS) headspace 
technique. The standard solution concentration shown is that prior to dilution. Each data point is the average of three replicates. The error bars 
show the standard error. 



Pretreated wheat straw hydrolysates from the designed 
experiment generated samples containing degradation 
products at varying concentrations that were dependent 
on the severity of the pretreatment applied. When 
regressing APCI-MS and HPLC data against one 
another, strong correlations were observed between the 
two analytical techniques in detecting ethanol and the 
inhibitors furfural and formic acid {R 2 > 0.95) (Figure 4). 
Acetic acid, however, showed a lower degree of correla- 
tion between the two techniques, with an R value of 
0.79. Acetic acid detection using the APCI-MS head- 
space technique was in general more variable (Figures 3 
and 4). Signal intensities for acetic acid detected using 
the APCI-MS technique exhibited a loss in quantitative 
behaviour, which is suspected to have been caused by 
the presence of other analytes competing for proton 
transfer during ionisation. Acetic acid has a proton affi- 
nity of close to 748 kj/mol [12], whereas certain volatile 



organic compounds present in biomass hydrolysates can 
have significantly higher proton affinities and hence 
inhibit the quantitative ionisation of acetic acid. For 
example, furfural and HMF have proton affinities of the 
order of 820 kj/mol [14]. In comparison, formic acid, 
which is chemically similar to acetic acid, did not exhibit 
this behaviour, owing to the detection of this analyte in 
negative ion mode. This effect can be seen in Figure 4, 
where pretreated wheat straw hydrolysate samples 
which contained acetic acid at 1.4 g/L according to 
HPLC analysis gave a value of only 0.7 g/L when ana- 
lysed by APCI-MS. The APCI-MS clearly underesti- 
mated the amount of acetic acid present in this 
instance. Removal of the two data points contributing to 
this difference from the linear regression line was neces- 
sary to increase the R value from 0.6 to 0.8. Detection 
of high levels of acetic acid in pretreated biomass sam- 
ples by APCI-MS was affected by a loss in quantitative 



Davies et al. Biotechnology for Biofuels 201 1, 4:28 
http://www.biotechnologyforbiofuels.eom/content/4/1/28 



Page 7 of 8 



60 



rfi 



45 



£ 30 - 



> 



15 




0 



1.2 n 



0.9 

A 

V 

£ 0.6 



— 

< 



15 30 45 
HPLC values (g L) 



60 



v = 0.885 lx 
' R 2 = 0.79 

□ 



□ 

□ 



□ 



□ 



0.6 0.9 1.2 
HPLC values (g/L) 



0.8 n 



J r 0.6 



1.17x + 0.0088 
R : = 0.996 




0.0 0.2 0.4 

HPLC values (g/L) 



y= 1.37x- 0.028 
R- = 0.95 



0.6 




0.3 0.6 



0.9 



1.2 



HPLC values (2 L) 



Figure 4 Correlations observed between results from high-pressure liquid chromatography analysis and the APCI-MS headspace 
technique when analysing a fermentation time series for ethanol (white circle) and a range of pretreated wheat straw hydrolysates 
for furfural (black circle), acetic acid (white square) and formic acid (black square). Each data point represents the analysis of one sample. 



behaviour. This could potentially be alleviated by further 
diluting the samples beyond the 10-fold dilution 
employed by using the method described herein. In this 
instance, the technique that we used was therefore only 
quantitative for studying levels of acetic acid, which 
have been shown to stress yeast strains [15], but not at 
concentrations shown to be inhibitory (1.6 g/L). 

Analysis of samples from a bioethanol fermentation 
time course provided a range of ethanol concentrations 
for analysis by HPLC and APCI-MS. APCI-MS analysis 
indicated that ethanol levels were within the range 
encompassed by the calibration curve and showed good 
agreement with HPLC data for the same samples (R = 
0.994) (Figure 4). APCI-MS headspace analysis was 
therefore found to offer a rapid analytical technique for 
quantifying ethanol concentrations during fermentation. 
Although the present bioethanol fermentation was per- 
formed using a synthetic medium, the impact of using 



an actual lignocellulosic hydrolysate or other complex 
fermentation medium on the quantification of ethanol 
in the headspace would be anticipated to be minimal. 
This is in part due to the fact that ethanol is present at 
concentrations which substantially exceed those of other 
volatile fermentation products; hence slight changes in 
concentrations of the latter would not affect the quanti- 
tative ionisation of ethanol in the APCI source. In addi- 
tion, the precise nature of the medium would be 
anticipated to have a minor impact on the array of vola- 
tile chemicals generated through fermentation, com- 
pared, for example, with the strain of organism used to 
conduct the fermentation. 

It should be noted that the capability of the APCI-MS 
technique to selectively quantify analytes in the gas 
phase only permits the quantification of volatile pre- 
treatment hydrolysate degradation products (and fer- 
mentation ethanol). A limitation in the application of 
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this technique for screening degradation products from 
lignocellulosic pretreatment hydrolysates is that it can- 
not extensively quantify all currently recognised ligno- 
cellulosic pretreatment degradation products, such as 
levulinic acid and />-coumaric acid, which are nonvola- 
tile. Therefore, by using the APCI-MS technique, only a 
selective range of pretreatment degradation products 
can be quantified, and these may not wholly reflect the 
extent of hydrolysate toxicity towards fermentation. 

Conclusions 

APCI-MS headspace analysis is a rapid analytical techni- 
que capable of quantifying three key pretreatment 
degradation products, acetic acid, formic acid and fur- 
fural, as well as fermentation ethanol, with high selectiv- 
ity and with minimal sample preparation. Samples 
typically required dilution followed by a 20-minute equi- 
libration period and 20 seconds for headspace analysis, 
as compared to HPLC-based methods, which require 
lengthy chromatographic run times. The gas phase 
selectivity of the APCI-MS technique enables the rapid 
quantification of volatile or semivolatile fermentation- 
inhibitory compounds within complex hydrolysates and 
fermentation media. However, nonvolatile inhibitor 
compounds cannot likewise be analysed. In conclusion, 
APCI-MS is proposed to offer a cost-effective and rapid 
approach to the detection of three inhibitory com- 
pounds and ethanol during the conversion of lignocellu- 
losics to bioethanol. 
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